The early steps in the biosynthesis of methanopterin in Methanobacterium thennoautotrophicum were analyzed by in vivo incorporation experiments of DC labeled precursors and by enzymatic studies. M thennoautotrophicum was grown in mineral medium supplemented with l3C-Iabeled acetate, pyruvate, or methionine. Methanopterin was isolated from the cells, and the I3.C-Iabeling pattern was determined by IH-and 13C_ NMR spectroscopy. The labeling patterns of amino acids and nucleosides were also determined for comparison. The results indicate that the pteridine moiety of methanopterin is derived from a purine nucleoside. Both methyl groups of methanopterin originate from methionine. The benzenoid ring of the ribitylaniline moiety is derived from the shikimate pathway, and the ribityl part from the pentose pool. Enrymatic activity of GTP cyclohydrolase I has been detected in cell-free supernatant of M thennoautotrophicum. This indicates that the early biosynthetic steps of folic acid and methanopterin proceed via common intermediates. Both pathways start from GTP, and 6-hydroxymethyldihydropterin is the probable branching point. The ribitylaniline moiety of methanopterin is synthesized from a product of the shikimate biosynthetic pathway and a ribose d~rivative, most probably p-aminobenzoate and phosphoribosylpyrophosphate, by decarboxylation of the aminobenzoate.
Introduction
Methanogenic bacteria generate energy and cell mass by the formation of methane from carbon dioxide and hydrogen (1, 2). This unusual metabolism involves a variety of hitherto unknown coenzymes (3) . In the carbon fIxation pathway, carbon dioxide is initially bound to the aminomethyl group of methanofuran and is immediately reduced to the formate level (4) . Formate is then transferred to tetrahydromethanopterin (5) , which is structurally and functionally similar to tetrahydrofolate. Subsequent reduction steps involving 5,1O-methenyltetrahydromethanopterin (5, 6), 5,1O-methylentetrahydromethanopterin (7) , and 5-methyltetrahydromethanopterin (7) lead to the formation of methane and the generation of energy.
Methanopterin (1, Fig. 1 ), the product resulting Pteridines / Vol. 5 / No. 1 from dehydrogenation of the coenzyme, was fIrst isolated from M thennoautotrophicum (8) , and its structure has been elucidated by two-dimensional spin-echo correlation NMR spectroscopy (SECSy), Nuclear Overhauser spectroscopy (NOESy), and IH_ l3C shift-correlated experiments (9) . An L-glutamyl derivative of methanopterin, sarcinapterin (2) , has been isolated from Methanosarcina barken (10) . More recently, an aspartyl derivative and a 7-demethyl derivative of sarcinapterin (tatiopterin; 3) has been found in Methanogenium tationis ( Fig. 1) (11). The compounds of the methanopterin family show close structural similarity with folic acid. The biosynthesis of folic acid in bacteria is well established (12) . The pteridine chromophore is formed from GTP (5, Fig. 2 ) by a ring expansion yielding dihydroneopterin triphosphate (6) which is catalyzed by GTP cyclohydrolase I (13) of the side chain yields 6-hydroxymethyldihydropterin (7) which is attached to p-aminobenzoylglutamate yielding dihydrofolate (8) . Available infonnation on the biosynthesis of methanopterin is limited. On the basis of incorporation of 14C-Iabeled adenosine into the pteridine moiety of methanopterin, a purine nucleotide could setve as a precursor in analogy to folic acid biosynthesis (14) . 14C-labeled p-aminobenzoate was incorporated into the methaniline moiety, and the C-7 methyl group of methanopterin was labeled from [U-methyPH] methionine (IS, 16).
More recently, the biosynthesis of methanopterin in Methanococcus volta and Methanobacterium formicicum has been studied by incorporation of [2H]-labeled 6-(hydroxymethyl)pterins and methionine. The . isotope distribution of biosynthetic methanopterin has been monitored by mass spectromety. The results indicate that 6-(hydroxymethyl)pterin and methaniline act as precursors of methanopterin. Both methyl groups of methanopterin originate from me-9 thionine, and there was evidence that the methylation steps occur relatively late in the biosynthesis of the coenzyme (17) . In order to investigate the early steps of methanopterin biosynthesis in M thermoautotrophicum, we perfonned in vivo incorporation studies with 13C labeled acetates, pyruvate, and methionine. The isotope distribution of islated methanopterin was measured by quantitative NMR spectroscopy. On the basis of these data, the biosynthetic precursors of methanopterin were outlined by a pattern recognition approach using the labeling patterns of a variety of metabolites. 
Experimental Procedures

Chemicals
Microorganisms
Methanobacterium thermoautotrophicum Marburg (strain number 2133) was obtained from Deutsche Stammsammlung von Mikroorganismen, Braunschweig, Gennany. The strain was subcultured at weekly intetvals in serum bottles under an atmosphere of HJC0 2 (4 : 1, v/v) which were incubaed at 6So C.
Bacterial culture
Procedures for bacterial growth and incorporation studies with I3C-Iabeled acetates and pyruvate have been described earlier (18) . For the incorporation study with methionine, M thermoautotrophicum was grown to a density of 1.7 O.D. (660 nm, 1 cm) in a 20 I fennenter containing 10 I of mineral salt medium which was gassed with a mixture of COM2 (I : 4, v/v; 3 l/min) and stirred at a temperature of 6So C . [Methyl-13 C]methionine (O.S g, 97% I3C-enrichment) was added when the culture had reached a density of 0.3 O.D. (660 nm, I cm), and fennentation was continued until the late logarithmic growth phase was reached. Cells were hatvested by centrifugation under aerobic conditions and frozen at -20
°C.
Isolation of methanopterin
Frozen cells (20 g ) were suspended in SOO/O Pteridines / Vol. 5 / No. I aqueous acetone and stirred for 30 min at 4"c in the dark. The suspension was centrifuged, and the residue was again extracted as described until the supernatant was colorless and non-fluorescent (about 6 times). The supernatants were combined and concentrated to dryness under reduced pressure. The residue was dissolved in water and was placed on a column of QAE Sephadex A 25 (HC0 3 -form, 3X41 cm). The column was eluted with a gradient of ammonium bicarbonate (0-1.5 M; total volume, 2 1). Methanopterin was eluted at a salt concentration of 1.1 M . The fraction was concentrated to dryness under reduced pressure. The residue was dissolved in 50 ml of water. Aliquots of the solution (5 ml) were passed through a preparative HPLC column (Lichrosorb RP18, 16X250 mm) which was eluted with 30 mM formic acid in 25% methanol (flow rate, 10 mllmin). Elution was monitored photometrically (340 nm). Methanopterin had a retention volume of 80 mL Fractions containing methanopterin were pooled and concentrated to dryness under reduced pressure. 
Degradation of methanopterin
Isolation of nucleosides
Nucleosides were isolated from acetone-extracted cell residue as described earlier (18) .
Isolation of amino acids
The hydrolysis of cellular protein was performed as described earlier (18) . Chromatography of the resulting amino acid mixtures on a column of the cation exchanger DOWEX 50 has also been described (18, 19) .
Fractions containing methionine were pooled and lyophilized. Methionine was purified by preparative HPLC using a Lichrosorb RP18 column and water as eluent. The retention volumn of methionine was 91 mL Fractions containing glutamic acid and aspartic acid were pooled, lyophilized and placed on a 
Preparation of eel/free extract of M thermoautotrophicum
Cell-free extract was prepared under anaerobic conditions in a glove box. Freshly prepared cells (1 g wet weight) were suspended in 1 ml of 0.1 M Tris pH 7.6 containing 1 mM phenylmethanesulfonylfluoride. The cells were mechanically disrupted using a mortar. The supernatant obtained after centrifugation (5000 rpm, 10 min, 20 0 e) was used for assay of GTP cyclohydrolase I activity.
Assay of GTP cyclohydrolase I
The assay mixture for the determination of GTP cyclohydrolase I activity contained 0.5 M Tris pH 8.7, 5 mM MgCh, 6 mM dithiothreitol (OTT), 2 mM GTP, and 50 ,.u of crude cell extract in a total volume of 300 ,.u. Assay mixtures were incubated anaerobically at 65°e for 120 min. Alkaline phosphatase (3 U) was added, and the mixture was incubated for 60 min at 37°e. The assay was terminated by addition of 1 M HCl (200 fll) containing 1 % hand 2% Kl The mixture was heated for 10 min at 60°C. Excessive iodine was then reduced by addition of 4% ascorbic acid (20 fll). Neopterin was analyzed by reverSed phase HPLC (Nucleosil 10 RP18 column, 4X250 mm; eluent, 30 mM formic acid). Elution was monitored fluorometrically (emission, 446 nm; excitation, 3~5 nm). The retention volumn of neopterin was 7.6 mL NMR spectroscopy NMR spectra were recorded at 8.46 Tesla using a Bruker AM360 spectrometer at 27OC. The spectrometer was equipped with an array processor, an external pulse amplifier (BF X 5), and electronics for inverse experiments. An inverse 5 mm broad-band probe head was used for proton detection, otherwise a IH/ 13 C dual probe head was used. Methanopterin was measured in 0.1 M deuterated phosphate buffer (PH lOA). The "hydrolytic fragment" of methanopterin was measured in 0.1 M deuterated NaOH.
13C NMR spectra were recorded and processed with the following parameters: 64 K data set, 30° pulse width (2 f..ls), 2.5 s scan interval, 14.7 kHz spectral range, composite pulse decoupling, 1 Hz line broadening prior to Fourier transformation.
DEPT and two-dimensional double quantum filtered COSY were performed according to standard Bruker software (DISR87). Two-dimensional spin-locked NOE (ROESy) spectroscopy was performed according to Bothner-By (20) . IH-detected heteronuclear multiple quantum coherence experiments (HMQC, HMQC-TOCSY) were performed according to Bax and coworkers (21, 22) . IH-detected multiple quantum IH_l3C chemical shift correlation via 2JCH and 3J CH (HMBC) was measured according to Bax and Summers (23) . Samples were not rotated during two-dimensional experiments. Water suppression was achieved by phase-coherent presaturation. Data acquisitation and processing parameters for two-dimensional experiments were as follows;
COSY
32 scans per tl increment, 1.5 s relaxation delay, 5l2X2048 raw data matrix size zerojilled La 2048 in t /; processed with 2 Hz Gaussian in the fl dimension and 90°-shifted sine-bell filtering in the f2 dimension.
TOCSY
32 scans per tl increment, 1.5 s relaxation delay, (-'2 ms MLEV-17 mixing period preceded and followed by 2.5 ms trim pulses; 90° pulse length, 60 IlS; ~ 12 X 2056 raw data matrix size, zero-filled to 2048 in f l ; processed with 2 Hz Gaussian in the fl dimension and 90°-shifted sine bell filtering in the f2 dimension.
ROESY
64 scans per tl increment, 1.5 s relaxation delay; 200 ms continuous wave spin lock period; 90° pulse ,length, 60 IlS; 200 X 1024 raw data matrix size, zero-, filled to 1024 in tl ; processed with 2 Hz Gaussian in the fl dimension and 60°-shifted sine bell filtering in the f2 dimension.
CH-COSY 320 scans per tl increment, 1.0 s relaxation delay, 256X4096 raw data matrix, zerofilled to lO24 in f l ; processed with 40 Hz and 5 Hz Gaussian in the fl and f2 dimension, respectively.
HMQC
128 scans/tl increment; start of coherence experiment 136 ms after the BIRD pulse; 3,57-ms period for evolution of IJ C H corresponding to a coupling constant of 145 Hz; 13C decoupling during acquisi-II tion by the GARPI sequence; 600 X 1024 raw data matrix size, zerofilled to 1024 data points in tl ; processed with 20 Hz Gaussian in t2, and with 45° shifted squared sine bell filtering in tl. Additive phase corrections were performed in both directions of frequency.
HMQC-TOCSY
60 ms MLEV-17-based mixing of proton coherences preceded and followed by 2.5 ms trim pulses prior to acquisitions. For other parameters see HMQC.
/H_/3C HMBC 96 scans per tl increment; 1.0 s relaxation delay; 3.5 ms delay for suppression of IJ CH ; 60 ms delay period for evolution of long range couplings; 200 X lO24 raw data matrix size, zero-filled to 512 in tl; processed with 90°-shifted sine bell filtering in f2.
Results
NMR Spectroscopy
Biosynthetic studies starting from BC-labeled precursors and monitored by NMR spectroscopy require unequivocal assignments of the IH NMR and l3C NMR spectra of the target molecules. IH and l3C NMR signals of methanopterin have been assigned by van Beelen et al. (9) . During the early stage of our biosynthetic studies, some of the published assignments appeared doubtful. Since correct assignments are an indispensable basis for the interpretation of isotope incorporation studies, we decided to perform a comprehensive evaluation of the IH and l3C NMR spectra of methanopterin and its "hydrolytic fragment" (4) . For this purpose, we used a variety of two-dimensional proton detected NMR experiments, such as HMQC, TOCSY, DQF-COSY and ROESY.
The TOCSY experiment revealed five groups of scalar coupled IH NMR spin systems vf the methanopterin spectrum, comprising IH NMR signals of 11a-12a, 2b-6b, lc-5c, Id-5d, and 2e-4e, respectively (Table 1) . In order to establish direct scalar connectivities via 3J HH and 2J HH coupling, we performed a double-quantum ftltered COSY experiment (Table  1) . Through space proton interactions were determined by a spin-locked two-dimensional NOE-experiment (ROESy) which confirmed the assignments from the TOCSY and COSY experiment.
On the basis of the IH NMR assignments, the l3C NMR signals of methanopterin were assigned by 'H-13 C-correlation experiments. CH-connectivities were obtained from a HMQC experiment, which revealed the direct CH connectivities via IJ CH coupling (Fig. 3, Table 1 ).
The assignment of quaternaty C-atoms was then obtained from a proton-detected HMBC experiment, which established long-range CH-connectivities by magnetization transfer via 2J CH and 3J CH coupling ( Table 1) . As an example, the I3C signal of the quaternaty carbon atom at 153.3 ppm showed correlations with HI2a, H13a, and Hlla via 2J CH and 3J CH , and was therefore assigned as C6a.
On the basis of the two-dimensional NMR-experiments described above, most of the lH NMR and l3C NMR signals of methanopterin could be assigned unequivocally (Table 1) carbon atoms C4a, C2a, C9a, and ClOa, respectively, by chemical shift considerations and by analogy to signal assignments of folic acid. Signal assignments published earlier (9) were correct except for the signals of 2c and 4c which were interchanged. Using the same multinuclear NMR methodology, the NMR signals of the acidic "hydrolytic fragment" 4 of methanopterin were assigned (fable 2).
Isotope incorporation studies
M thermoautotrophicum (Marburg strain) was grown autotrophically in a pure mineral medium at 65"C. The growing culture was supplemented with l3C-Iabeled acetate (4.0 mM), pyruvate (2.1 mM), or L-methionine (0.3 mM) at the begin of the logarithmic growth phase. After a culture period of 50-100 h, the cells were harvested by centrifugation. Methanopterin was.isolated from the cell mass by repeated extraction with acetone/water. The raw fraction was purified by anion-exchange chromatography followed by preparative reversed-phase HPLC. Amino acids and ribonucleosides were isolated after hydrolysis of cellular protein or RNA, respectively. IH NMR and 13C NMR spectra of the labeled samples were measured at 360.1 MHz and 90.6 MHz, respectively.
One-dimensional l3C NMR spectra of isolated methanopterin are shown in Fig. 4 . 13C enrichment of individual carbon atoms was determined as desc- ribed previously (18) . Briefly, relative 13C abundances were calculated by comparison of signal integrals of a J3C enriched sample with signal integrals of a natural J3C abundance sample. The carbon atoms with the lowest relative J3C enrichment in each sample were arbitrarily assigned a relative lJC enrichment value of 1.0 under the assumption that at least one carbon atom in each compound was derived exclusively from CO 2 and not from the J3C labeled precursors. This assumption has been shown to be valid in earlier biosynthetic studies with M thermoautotrophicum (18, 19) . The labeling patterns of aromatic amino acids, ribonucleosides, and glutamate have been published earlier (18, 19) and are summarized in Fig. 5 . Starting from these data, the labeling patterns of central metabolites were deduced with high statistical accuracy by a retrobiosynthetic approach (8, 9) . As an example, the labeling pattern of shikimic acid (9) can be reconstructed from the labeling pattern of aromatic amino acids (Fig. 5) . Similarly, the labeling patterns of phosphoribosylpyrophosphate (10) and a-ketoglutarate (11) are reflected in ribonucleosides and glutamate, respectively (Fig. 5) . Based on these data, the biosynthetic pathways of riboflavin, deazaflavin, methanofuran, and 5-hydroxybenzimidaxzolylcobamide in M thennoautotrophicum have been evaluated (18, 19, 24) . Using the same experimental approach, the labeling patterns of biolabeled methanopterin and its "hydrolytic fragment" were analyzed.
The labeling patterns of methanopterin (1) biosynthesized in M thennoautotrophicum from J3C-labeled acetates, pyruvate, and methionine are summarized in Table 3 and Fig. 6 . The labeling pattern of the "hydrolytic fragment" of methanopterin was in close agreement with that of methanopterin, demonstrating the reliability of the experimental approach (data not shown).
The carbon atoms 2a, 4a, and Ie of methanopterin were unlabeled in all experiments. Thus, these atoms could not be contributed by acetate, pyruvate, or methionine, and were obligatorily derived from CO2.
Strong DC_ J3 C coupling satellite signals could be observed in the 13C NMR spectrum of methanopterin from the growth experiment with [l ,2-lJC 2 Jacetate. Specifically, the carbon signals of 3b/ 5b, 4b, 2b/6b, 4d, 4c, 5c, 5d, 4e and 3e showed intensive J3C_ I3C coupling indicating their origin from intact [1 ,2-D C2Jacetate moieties. The contiguous incorporation of both carbon atoms of acetate is emphasized in Fig. 6 by bold lines.
Pteridine moiety oj methanoptenn
As shown in Fig. 6 , the labeling patterns of the pyrimidine mOIeties in methanopterin and purines were identical. Moreover, the labeling of C7a, C6a, and Clla was in close correspondance to the labeling of Cl', C2 / , and C3' of ribonucleosides, respectively (Fig. 6 ). These data signify that a purine nucleotide (i.e. GTP) could be the precursor of the pteridine moiety of methanopterin.
Both methyl groups of methanopterin were highly enriched from the 13C-methyl group of methionine. These findings indicate that the methyl groups of methanopterin originate from methionine (most probably via S-adenosylmethionine) as shown earlier in M fonnicicum (17) .
Methaniline moiety oj methanoptenn
The labeling pattern of the aniline moiety of methanopterin was in close agreement with the labeling pattern of the aromatic ring in phenylalanine and tyrosine. This indicates that the precursor of the ani- line moiety is directly derived from the shikimic acid pathway. The labeling patterns of the ribityl and the ribose moieties of methanopterin were identical, indicating that all five carbon atoms of the pentityl moiety are derived from a pentose precursor (Fig.  6 ) . The biosynthesis of the methaniline moiety has been studied earlier by radiotracer experiments in M formicicum (15) . '4C-Iabeled p-aminobenzoic acid was efficiently incorporated into the aniline moiety in methanopterin and was therefore proposed as a direct precursor of the coenzyme. Furthermore, the incorporation of the carboxylic carbon of p-aminobenzoic acid into the ribityl chain of the methaniline moiety was proposed (15) . In contrast to this hypothesis. the carbon atom lc of the ribityl moiety was IlC-Iabeled from [l- 13 C]acetate, and can therefore not be derived from the carboxylic atom of paminobenzoic acid. which should be labeled from [I_ 13 C ] pyruvate and not from [1- 13 C]acetate (Fig. 6 ).
On the basis of these data, we propose that the methaniline moiety of methanopterin is biosynthesized by condensation of p-aminobenzoic acid (12) and a carbohydrate precursor (e.g. ribose 5-phosphate or phopshoribosylpyrophosphate, 10) under decarboxylation (Fig. 7) . The proposed mechanism has precedent in the conversion of 5-phosphoribosylanthranilate to indol glycerol-3-phosphate (25) .
Hydroxyglutarate moiety of methanopterin
As expected, the labeling pattern of the hydroxyglutarate moiety was in line with the labeling of 2-oxoglutarate (Fig. 6) . It follows that this moiety is derived from 2-oxoglutarate by reduction.
Enzymatic studies
The in vivo studies clearly suggest that the pteridine ring systems of folate and methanopterin have the same biosynthetic origin. It was therefore important to analyze whether the first enzyme of the folate biosynthetic pathway, GTP cyclohydrolase I, is present in M thermoautotrophicum. This enzyme has been investigated in detail in eubacteria, eucmyotes, and fungi, but not yet in methanogenic bacteria. The formation of dihydroneopterin triphosphate (6, Fig. 2 ) from GTP (5) could be measured when crude cell extract of M thennoautotrophicum was incubated anaerobically at 65"C. The specific activity of GTP cyclohydrolase was 1.3 nmol/mg h. The maximum enzymatic activity was found in the presence of 5 mM Mn2+. A thiol-reducing compound (DTT) was required for enzymatic activity which was inhibited by heavy metal ions (Co2+, Zn 2 + , Ni2+) and chelators (EDTA).
Discussion
The metabolism of one-carbon fragments is a central theme in the peculiar life-style of methanogenic bacteria. Whereas tetrahydrofolate serves as coenzyme for one-carbon metabolism in eubacteria and eukaryotes, this compound has not been shown to occur in methanogens which use tetrahydromethanopterin or its derivatives instead (26) .
The common structural feature of folate and methanopterin is the pteridine ring system. Earlier studies had already suggested that the respective pteridine ring systems of the two coenzymes have a common biosynthetic origin from a purine precursor (14) . The present results confirm that the pyrimidine ring atoms of methanopterin reflect the labeling pat- tern of the pyrimidine ring of purines. Moreover, the carbon atoms 7a, 6a and lla reflect the labeling pattern of carbon atoms 1-3 of the ribose pool. This is well in line with the formation of the ring system by ring expansion of a purine nucleotide which can be catalyzed by GTP cyclohydrolase I. The role of this GTP cyclohydrolase I in the biosynthetic pathways of tetrahydrofolate and tetrahydrobiopterin has been studied in considerable detail (13, 27) . We have now obtained evidence for the presence of this enzyme in M thermoautotrophicum. Since the organism does not produce tetrahydrofolate, it appears likely that GTP cyclohydrolase I indeed catalyzes the biosynthesis of tetrahydromethanopterin. Interestingly, activity of GTP cyclohydrolase I in crude extract of M thennoautotrophicum has only been detected when divalent cations (Mg2+ or Mn2+) were present. This is in contrast to GTP cyclohydrolase I from E. coli which does not require divalent cations and is active in the presence of EDTA, although an activating effect of divalent cations has been described recently (28) .
Earlier mass spectrometric studies by White had already indicated that both methyl groups of tetrahydromethanopterin can be derived from the methyl group of methionine (17) . We have confirmed this hypothesis by 13C NMR spectroscopy. Methylation of a dihydropteridine intermediate could proceed via a carbanion mechanism, since the hydrogen atoms at C-7 and at C-6a are actived by the adjacent C-N double bond (Fig. 8) . The proposed carbanion formation has analogy to the reaction mechanism of pyruvoyltetrahydropterin synthase (29) .
In our isotope incorporation studies, the benzene ring of the rib aniline moiety shows the typical labeling signature of a shikimate derivative. This is consistent with earlier data by White who obtained evidence for the incorporation of 4-aminobenzoate into the ribitylaniline moiety (15) .
Moreover, we found that the labeling pattern of the ribityl side chain reflects the labeling pattern of the pentose pool. This indicates that all five carbon atoms of the ribityl side chain are derived from a pentose precursor. In contrast to our findings, White proposed the formation of the Ie carbon atom from the carboxyl group of 4-aminobenzoate. This hypothesis is not consistent with oUT data. Specifically, this hypothesis would imply that C-lc should acquire label from [l_ 13 C]pyruvate and not from [1-13 C] acetate. This is clearly ruled out by our data.
On the basis of OUT experiments, the ribitylaniline moiety could be formed by electrophilic substitution of 4-aminobenzoate (12, Fig. 7 ) with phosphoribosylpyrophosphate (10) under decarboxylation. The adduct 13 could then be reduced via the quinoid form 14 leading to the ribityl aniline moiety of methanopterin. However, this reaction sequence is as yet hypothetical and requires further studies.
